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DETACHABLE SUMMARY

Title. AGRICULTURAL VUINERABILITY IN THE NATIONAL ENTITY
SURVIVAL CONTEXT

Authors: Stephen L. Brown and Pamela G. Kruzic

Contractor: Stanford Research Institute

Contract Number: DAHC 20-69-C-0186

SRI Project Number: EGU 7979-001

Date: July 1970

Type of Study. This study is an analysis of the sensitivity of

agricultural damage assessment results to variations in assumptions.

Key Descriptors. The key descriptors are nuclear attack, agricultural

vulnerability, damage assessment, sensitivity analysis, fallout,

fertilizer, livestock, crops,

Objectives. Determine the range of validity of previous assessments
of agricultural vulnerability to nuclear attack. Test the assess-
ments for their sensitivity to variations in uncertain parameters

and assumptions.

Assumptions, Analytical Techniques, and Models., Standard case

assumptions regarding attack types, attack efficiencies, and attack
weights, as well as vulnerability criteria, were taken from previous
reports in this series. Worst case assumptions were postulated on

the basis of an intuitive assignment that only ten percent probability
of an even worse case existed. The models for agricultural damage

assessment were simplifications of previously proposed agricultural
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10, Recommendations. In future damage assessments assume that the
duration of vulnerability is the entire growing season., Assume
a high fraction of ground bursts for any type of attack. Research
priorities should be higher for total/gamma dose multiplier than
other vulnerability criteria. Look for break points in the 1,000-
10,000 MT range. Reexamine the fertilizer outlook on a recurring

basis because of the significant changes occurring.

11, Contribution., This study has shown that presently available damage

assessment methods for agriculture are suitable unless parameters
are found to exceed certain limiting values. Relative sensitivities
have indicated which parameters are most deserving of further
research, The increasing vulnerability of agriculture because of
dependence on fertilizer suggests careful consideration of post-

attack management of this resource.

12, Key References. The key references are:

¢ Stephen L. Brown, Hong Lee, and Oliver S. Yu, Postattack Food
Production and Food and Water Contamination, SRI Project
MU 6250-050, Stanford Research Institute, June 1968

¢ Stephen L, Brown, and Ulrich F. Pilz, U.S, Agriculture:
Potential Vulnerabilities, SRI Project MU 6250-052,
Stanford Research Institute, January 1969

* Chemical Economics Handbook, Stanford Research Institute,
1968 and 1969

* L, B, Nelson, ed,, Changing Patterns in Fertilizer Use,
Soil Science Society of America, 1968

13. Costs Associated with Recommendations, None
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ABSTRACT

Two separate studies of agricultural vulnerability are reported.
One is a sensitivity analysis of agricultural damage assessment. Several
important input assumptions are tested for their effect on the results
of the damage assessment, The other study identifies trends in the
production and utilization of fertilizers and relates them to changes
in the vulnerability of agricultural production through potential loss

of the fertilizer input.
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INTRODUCTION

This is the third in a series of reports on agriculture vulnerability
in the context of national entity survival., The first was Postattack Food
Production and Food and Water Contamination, which presented detailed
damage assessments for agriculture based on two specific hypothetical
nuclear attacks.'* The second was U,S. Agriculture: Potential Vulner-
abilities, which presented sensitivity analyses of the original results
to date of attack, foliar fallout contamination parameters, and radiation
vulnerability criteria, as well as a semi-quantitative discussion of the
importance of several agricultural practices and a preliminary methodology
for the study of geographical imbalances.® Much of the work in the pres-
ent study depends heavily on the results presented in those reports, and
their analyses will not be repeated here. Additional background infor-
mation is contained in Analysis of National Entity Survival® and Critical
Factors Affecting National Survival,4 both produced also as part of con-

tinuing NES (National Entity Survival) studies.

The essential conclusions from the previous two agriculture studies
were as follows, First, for the specific attacks assigned, basic agri-
cultural resources (food and feed crop production and livestock herds)
survived about as well as, or somewhat better than, the national popula-
tion, Secondly, this conclusion was not particularly sensitive to the
date of attack, the model of foliar contamination proposed, or the radi-
ation dose criteria used, The simple analysis of geographical imbalances

also did not seem to place unusual demands on the transportation system,

References are listed at the end of this report.



Although fertilizers, pesticides, electricity, and especially petroleunm,
were all acknowledged to be essential for high yields of crops and live-
stock, the analysis was not able to demonstrate that the production and
distribution of these resources would necessarily be so reduced as to
threaten food production seriously. The management of somewhat scarce
resources seemed to be the most likely element of the system to fail,

and the one most responsive to preattack planning and countermeasures.

These conclusions have been reviewed by a variety of knowledgeable
critics, with reactions ranging from the opinion that the conclusions
should have been obvious from the outset to the concern that serious un-
derestimates of the effects of nuclear attack on agriculture had been
made., Confronted with such a diversity of opinion, we decided that it
would be worth while to test the sensitivity of our conclusions to vari-
ations in our assumptions, which admittedly are for the most part based
on sparse and often contradictory information, The results of these
tests are presented in this report, Two principal lines of attack were
chosen. First, a direct assault on the question of the damage to crops
and livestock from fallout was made by varying disputed parameter values
from the standard case used in the previous studies to a 'worst case,'
The worst case values were chosen to correspond roughly to an intuitive

assignment that the probability for the parameter to be worse than the

worst case value is less than 10 percent.

A second approach was to single out one particular agricul tural in-
put for a more detailed aralysis than was possible in Ref., 2. If the
detailed analysis should give a grossly different interpretation of the
magnitude of the problem than did the earlier analysis, then concern
about our assumptions would be clearly justified., If, on the other hand,
the conclusions were relatively consistent with one another, somewhat

yre confidence could be placed in our simplified methodology, even



though its validity for practices other than the one chosen would not
have been demonstrated conclusively. We chose fertilizers for study for
two reasons. First, our initial analysis had indicated that fertilizer
losses might cut agricultural production by half in the worst case,
placing it in the group with the more important resources; also the
question of allocating production among alternative demands would be

less complicated than for petroleum and electric power,

The two investigations were carried out independently of one another

and are reported in Parts I and II, respectively.



SUMMARY

The principle objective of the current study was to test the range
of validity of the findings of previous studies in this series on the
vulnerability of agriculture to nuclear attack., Two independent research
tasks were conducted toward this objective., The first consisted of sen-
sitivity analyses of the most uncertain parameters of the damage assess-
ment system for livestock, food crops and feed crops. The second made
a more complete investigation of the importance of fertilizer to crop
production and the vulnerability of fertilizer production to nuclear

attack than was possible in the previous study.

The parameters varied in the sensitivity analysis were weight of
attack (100 MT to 100,000 MT), duration of assumed vulnerability (vul-
nerable period, growing period, or one year), type of attack (counter-
force or mixed counterforce-countervalue), efficiency of attack (unity
or maximum), lethal dose (standard or worst case), dose rate multiplier
(standard or worst case), total/gamma dose multiplier (standard or worst
case), and lethal/threshold dose multiplier (standard or worst case).

The dependent sensitive variable was the fraction of a given agricultural
resource lost as a result of fallout damage. Twenty-two food and feed

crops and five livestock resources were included in the analysis,

The most sensitive assumption was clearly whether the attack would
be aimed so as to do maximum damage to agriculture or would instead be
more or less random in design with respect to agriculture. The fact that
the same can be said with even more truth of other key resources leads us
to believe that agriculturally efficient attacks are very unlikely, On

an individual crop basis, the second most important assumption is probably

Preceding page blank
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the date of attack and the season over which the crop is vulnerable to

fallout, Since crops vary markedly as to the most critical date of at-
tack, the sensitivity is somewhat reduced when aggregate measures are
used., Therefore a reasonably conservative approach would be to assume

that the entire growing season is vulnerable.

The type and weight of attack are parameters of intermediate sensi-
tivity, The difference in the effectiveness between counterforce and
mixed attack depends principally on the higher fraction of surface bursts
for counterforce attacks. The increase in resource loss with attack
weight is gradual, becoming steepest in the range 1,000 MT to 10,000 MT,

where it is possible that a break point has been identified.

Lethal dose, dose rate multiplier, and total/hamma dose multiplier
have equal sensitivities, all fairly low, Of those three (on the basis
of relative uncertainties) the total/éamma dose multiplier would seem to
be most deserving of further research, and the dose rate multiplier
least deserving, The ratio of lethal to threshold doses has the least

effect on the fraction of resource lost.

The principal method of approach of the fertilizer study was to
discover trends in the manufacture and use of fertilizers that would
alter the vulnerability imputed to this facet of agriculture by the
earlier study, which was based on older data sources. Most of the trends

were in directions that would increase the vulnerability of agriculture.

An almost universally recognized trend in agriculture is the produc-
tion of more food from less land with less direct labor, The drive for
ever higher yields has resulted not only in higher demands for the stand-
ard types of fertilizers, but for new formulations designed for specific
uses, Yields are increasing not so much because of increased use of fer-

tilizer as because of the combined use of fertilizer with special soil



cultivation techniques, irrigation, trace nutrients, and new plant
varieties. The net effect is the increasing dependence of agriculture

on fertilizers, particularly specialized formulations.

The most significant soil nutrient from the point of agricultural
vulnerability is nitrogen, which is highly depleted in a single season
for many of the most important crops. (Legumes are an obvious exception
because they fix nitrogen in the soil,) Potash and phosphate tend to be
used in relatively small fractions of that available in the soil, so that
residual fertilizing capacity would be sufficient for the immediate

postattack period.

The demand for special purpose fertilizers has caused two trends
that are somewhat contradictory in terms of agricultural vulnerability,
The complexity of the processes necessary for the special formulations
has tended to give economic advantages to the large plants located close
to sources of raw materials, such as natural gas for ammonia plants, On
the other hand, very specialized requirements--coupled with difficulties
of storage because of the seasonality of the demand--have caused smaller
plants to open near the crop areas they supply. The former trend repre-
sents concentration and increased vulnerability, while the latter can

probably be termed dispersal.

Trends in distribution of fertilizers are somewhat harder to assess,
Manufacturers no longer mix blends at the plant, but ship the basic com-
ponents in bulk to mixing plants located closer to their markets, There-
fore mixing facilities are probably not very vulnerable, On the other
hand, there seems to be a trend toward liquid fertilizers, which may
eventually be shipped by pipeline, making analogies with petroleum

(finished product) pipelines attractive,

Another petroleum analogy is that, on balance, fertilizer production

is becoming concentrated in larger plants and these plants are often found



near supplies of natural gas such as in Louisiana and Texas, raising
the possibility of collateral damage during a petroleum refinery directed

attack,

If one considers only nitrogen plants, fertilizer is much more con-
centrated and vulnerable than population or MVA (Manufacturing Value
Added). However, the plants are typically outside metropolitan areas,
and would not likely suffer much collateral damage from the more usual

countervalue attacks,

Most of the above trends would result in increasing agricul tural
vulnerability, One factor argues for less concern, however, Even now
nitrogen production capacity exceeds output by 3 to 2, and much ferti-
lizer is exported. Manufacturers appear to be trying to develop further
foreign markets, which will tend to encourage even more capacity to be
built, In case of nuclear attack, then, a relatively small fraction of
capacity surviving may be able to supply all domestic needs, assuming

that distribution and management function properly.



Part One

SENSITIVITY STUDIES

by

Stephen L. Brown



I THE CONCEPT

The Office of Civil Defense is continually faced with decisions
about how to allocate its scarce resources to best serve its mission,
which is (in highly simplified terms) to make preparations that would
lessen the impact of nuclear war on the nation if an attack should in
fact occur. The allocations must be made in such a way that the net
estimated improvement in the nationwide postattack situation is maxi-
mized, no matter what budget may be available for civil defense purposes.
Both allocations for plans and operations and for research are affected
by such considerations. A major purpose of the NES (National Entity
Survival) studies is, therefore, the identification of those elements
of the national entity that are most vulnerable, so that additional
research or operational preparations in those areas will be of most benefit
to the nation., The emphasis, to repeat, is on the perceived long term
national benefit, whether or not specific preparations may seem to bene-
fit preferentially some particular group. In this context, the NES
approach is in effect a large scale sensitivity analysis, in which is

embedded many smaller scale analyses.

The agricultural part of the NES is, therefore, undertaken with the
intention of assessing the vulnerability of agriculture relative to other
elements of the national entity and, within the sphere of agriculture,
to identify the most vulnerable factors and the most sensitive uncer-
tainties., A clearly identified wvulnerability would be a subject for
operational preparations, whereas a highly sensitive uncertainty would

be a subject for additional research,.

Preceding page blank



The present research task, as noted in the Introduction, is directed
at appraising the sensitivity of agricultural damage a:sessment to un-
certainties in the parameters of the models. In the sense that many of
the assumptions amount to little more than assignments of values to
certain parameters, these tasks can also be called parametric analyses,
The range of uncertainty that was considered here was from "standard"
values, as used in the previous damage assessments, to 'worst case"
values, thought to be the limiting credible values. The standard
values, needless to say, were thought by us, at least at the time they
were set, to be the most probable values, albeit in many cases there
was already a somewhat conservative bias, (For example, in the instance
of beta dose calculations, no correction for self-shielding by densely
planted crops has ever been applied.) The worst case values are much
more difficult to set, and undoubtedly an "even worse' value for some
of them will eventually be found., However, an attempt was made to choose
values that would very probably be the worst (with perhaps 90 percent
confidence), although such probability assignments are clearly no more

than intuitive,

One parameter that has an important effect on the results is the
total weight of the attack., The parametric analysis on attack weight
was hoped to yield, in addition, information with respect to a possible
break point, at which the results are changing very rapidly with attack
weight, and above which attacks could well be characterized as having
"broken" the agricultural system, Classic break points occur in systems
with thresholds, as for instance an antiballistic missile defense, which
may keep damage nearly to zero for any number of weapons up to some
saturation level, then fails rapidly with damage increasing sharply
with additional numbers of weapons. Widely dispersed resources such

as agriculture, on the other hand, are not likely to have well defined

12



break points; even so, certain insights can be gained through the break

point concept, as will be discussed later.
The other major uncertain parameters appear to be:

¢ The dose criteria at which the losses of the agricultural
resources become total (the lethal doses)

* The dose criteria below which no losses occur (the
threshold doses)

¢ The degree to which beta radiation increases the effective
total dose to critical tissues (thus changing the "total/
gamma dose multiplier')

¢ The factor that relates standard intensities--gamma dose
rates at one hour--to accumulated gamma dose (the dose
rate multiplier)

* The duration of the period over which the resources are
assumed to be vulnerable

Two additional uncertainties relate to attack design. In general,
nuclear attacks are usually classified as counterforce (directed at
strategic military targets) or countervalue (directed at a nation's
resources, such as population, industry, or institutions). If the
target is not agriculture, the resulting fallout patterns will often
be distributed in a way that could be called ''neutral"” with respect to
agricultural resources. Population attacks, and most other counter-
value and mixed counterforce-countervalue attacks, would likely fall
in this category. Counterforce attacks might be either more or less
effective against agriculture than neutral attacks. Less so when the
concentration of weapons covers less of the United States with fallout
for a given weight of attack than does the countervalue attack, but
more so when that concentration itself happens to fall in an agricul-
turally rich region, If agriculture itself is attacked, then the maximum
damage can be inflicted if the fallout is concentrated in agricultural
regions to the exclusion of other areas.

13



Sensitivity analyses can generally be carried out in either of two
ways. The brute force method simply repeats all of the computations for
each of the permissible values of each parameter. This method is
attractive because of its simplicity and unambiguity. However, when
the computational scheme is complex (as in the agricultural vulnerability
models of Ref. 1) and the number of parameters large (about seven have
been mentioned), the brute force method becomes rather unwieldy and
expensive, For instance, the sensitivity analysis on date of attack,
although limited to one parameter and one region of the na 1, was a

major undertaking,

A sophisticated method, on the other hand, operates on the partial
derivatives of the computational output with respect to each input
parameter, evaluated at the standard values of each parameter and at
selected other parameter sets. This method has the virtues of elegance
and the ability to dispense with much of the computational details
necessary in the brute force method. However, this approach depends
on expressing the input data and mathematical relationships in reasonably
analytic form, and it becomes increasingly cumbersome as the number of
discontinuities and ranges of vulidity* become large. The agricultural
problem is characterized both by tabular data not analytically deter-

mined and by multiple ranges of validity.

A compromise approach was taken to meet the challenge of these
difficulties. Basically, the brute force method was selected, but it
operated on a much simplified set of datu and computational procedures,

The parameters were varied in only two or three steps, e.g., standard

* Branches in the computation,
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and worst case values, except in the particularly significant instance
of weight of attack. The results are therefore multiple values for
the fraction destroyed of the various crop and livestock resources
under the standard and worst case assumptions, Intermediate results
can be roughly inferred by interpolation, and relative sensitivities

are only qualitatively ranked.



IT1 ANALYSIS AND DATA BASE

The most serious shortcoming of the standard agricultural damage
assessment system with respect to sensitivity analyses is that it
operates on a detailed data base that gives the acreage harvested for
crops and the size of herds for livestock in each of over 3,000 counties
in the United States. Although for any given agricultural resource
many counties can be climinated from the data base through a cutoff
criterion (such as 100 acres), the damage calculations must still be
accomplished for each remaining county, then aggregated and summarized.
For some resources over 2,000 counties must be considered, which makes
the brute force sensitivity analysis very expensive. Thus it was
necessary to find some way of characterizing the extent of dispersion
of agricultural resources on a nationwide basis without resorting to

a 2,000-entry table,

The most promising approach seemed to be to sort the data into a

rank order on the basis of resource concentration., Since agriculture

is geographically dispersed and is vulnerable to a diffuse threat like
fallout, it is not appropriate to rank order the counties simply on the
basis of total production, but rather on production density, defined as
the total production (in acres or number of animals) divided by the area
of the county (in square miles).* To this end, the areas of the counties
were obtained from the County and City Data Book® and added to the data

base.

* The rank order sorting was carried out by an efficient sorting routine,
SORTAG, developed by Richard C, Singleton of SRI.
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The data now in convenient form on tape are summarized in Table 1.
The data base is still founded on the 1959 Census of Agricultureg even
though more recent data are available, It is believed that production
patterns are not changing too rapidly, particularly in the aggregated
form used here,* and comparability with earlier studies is more evident
if no change in data base occurs. There have also been some changes in
county alignments since 1959, but the compilation reflects only those in
existence in 1959, The data base was first compiled in 1963,7 but only
the most important resources were studied in 1967.' In this study, the
garden vegetables have again been included, but fruits and pasturage
have not been, Current methods for field crops cannot deal adequately
with tree fruits, and pasturage cannot be assigned the planting and

harvesting dates necessary for the analysis,

The rank-ordered county production and the corresponding county
areas were normalized by dividing by the total annual resource production
and total U.S. area, respectively, to place them in fractional form.

The values for the fraction of total annual production and for the

fraction of total U.S. area were then cumulated to form cumulative

* Some additional data concerning production patterns were made available
by Rex F. Daly of the Department of Agriculture during the time this
report was under review, The ucreage from which crops are harvested
has declined about eight percent since 1959. The decrease has been
in large part due to reduced wheat and corn plantings. ‘The resulting
increases in crop concentration vwould make agriculture slightly more
vulnerable to direct attack. Zimilarly, there are increases in the
scale of livestock operations that represent increased concentration
and increased vulnerability. Some mention of the latter trend was
made in Ref. 2., However, both the major grains and the livestock
resources are among the most widely distributed and consequently can
most afford some concentration. Shifts in agricultural production by
region are also being observed, but the methods used in the current
study do not recognize geographical shifts except to the extent that
they affect concentration,

18



Table 1

AGRICULTURAL DATA BASE

A, Livestock

Each record contains a region-state-county code, the national
location code, the latitude and longitude of the 'center' of the
county, the area of the county, and the number of animals in the
county for the following animals:

Chickens Hogs & Pigs Milk Cows Bulls, Steers Sheep & Lambs
& Calves
11* 12 13 14 15

B. Crops

Each record contains a region-state-county code, the national
location code, the latitude and longitude of the ''center' of the
county, the crop number code, the number of acres harvested, the
yield per acre (in tons), the normal planting and harvest dates,
and the area of the county. Crops included at present are:

Corn Sorghum Winter Wheat Spring Wheat Winter Oats
21 22 23 241 25
Spring Oats Winter Barley Spring Barley Rice Dry Beans
26 27 28 29 31
Soy Beans Alfalfa Potatoes Green Peas Sugarbeets
32 42 50 51 56
Tomatoes Sweet Corn Snap Beans Cabbage Dry Onions
57 61 64 68 72
Carrots Lettuce
73 76

* The number below each resource is a two-digit code for that resource.
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distribution functions such as shown in Figure P (The illustration is

exemplary and no significance should be attached to the resource chosen, )

In Figure 1, the cumulative fraction vulnerable reaches unity when
sufficient area is considered. This behavior is observed whenever it
is assumed that all of the resource would be vulnerable to an attack
occurring at any time during the year, as would be more or less true
of livestock. However, crops are much more likely to be vulnerable
for only a short time, because the fallout radiation will decay to
harmless levels unless the attack occurs shortly before or during the
growing season. In fact, the standard assumption for the earlier crop
vulnerability models was that the crop wus vulnerable only during a
certain fraction of its growing period. ‘he stage of crop growth can

be represented by the fractional age, f{, where

f S . (1)
HD - PD

AD is the attack date, PD the planting date, and HD the harvesting date,
all in days from January 1, Unless f is between two criteria fl and fs,*

no loss is assumed to occur.

The rank order sorting was therefore repeated using only counties
with crop planting and harvesting dates satisfying this condition when

the postulated date of attack was June 15, (June 15 was the date used

* Many of the illustrations for this report were generated directly
from computer output by a cathode-ray-tube/film/xerography method
called GRAPH4 developed by Bruce M. Sifford of SRI,

+ f, occurs when the sensitive plant parts emerge from the ground and
become exposed to fallout radiation, f5 occurs when the edible por-
tions have been fully formed and require only final ripening before
harvest. Subscripts 2, 3, and 4 were assigned in Ref. 1 to other
intermediate stages of crop growth,
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in the standard damage assessment of Ref. 1 and was shown in Ref. 2 to
be near to the worst date of attack if all crops are considered.) The
cumulative distribution functions in general do not reach unity because,
under this assumption, the crops in some counties are not vulnerable on
that date. Table 2 shows the values for f1 and f5 as taken from Ref. 1.
In the case of the garden vegetables, the values were assigned con-

servatively, based on similarities to other crops.

An intermediate case was postulated in which the assumed duration
of vulnerability was the entire growing period (from PD to HD), and
the date of attack was again June 15. In this case, the values f1 =0
and f5 = 1 were used for all crops rather than the values shown in
Table 2, but the procedure was otherwise identical to the preceding
one, This assumption also produces cumulative distribution functions
that often fail to reach unity, but are everywhere greater than or equal

to the functions produced by the more restricted assumption ubove,

The above three assumptions were each used in the construction of
cumulative distribution functions for every crop, although only the first
was used for livestock resources. They affect the cumulative distribu-
tion functions by limiting the set of counties in which crops are
vulnerable, as illustrated by Figure 2, In this figure and in the fol-
lowing development, the three assumptions will be abbreviated by the
statements that the duration of assumed vulnerability is the whole
year (Y), the growing period (G), or the vulnerable period (V). The
first (Y) case is the worst case, producing the largest number oi
counties that would experience crop loss if sufficient fallout was
deposited upon them, The total area in such counties and the total
crop production from them are accordingly also largest. The V case is
the standard case and produces the smallest number of counties with
vulnerable crops. Table 2 shows the number of counties with vulnerable

crops under each of the three assumptions, and the corresponding fraction

22
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HD = 200°* PD = 100

FOR A COUNTY WITH PLANT AND HARVEST DATES LIKE THIS: \/
THE DURATION OF ASSUMED VULNERABILITY WOULD BE EITHER Y Y
366 ;1
THE YEAR
200 100

OR THE GROWING SEASON eN.~a

190 120
OR THE VULNERABLE SEASON M
FOR THREE COUNTIES: 9
Y. Y
Y.y
" COUNTY 1
COUNTY 2
v G
COUNTY 3
G G
v
v v
) G
v
G
ATTACK
DATE

THE Y ASSUMPTION PRODUCES 3 VULNERABLE COUNTIES (1, 2, 3)
THE G ASSUMPTION PRODUCES 2 VULNERABLE COUNTIES (1, 2)
THE V ASSUMPTION PRODUCES 1 VULNERABLE COUNTY (1)

*Days since January 1.

FIGURE 2 THE DURATION OF ASSUMED VULNERABILITY
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of the U.S. area represented by those counties. The numbers shown in

the columns labeled Y indicate all counties that produce significant
quantities of the resource. Note that for some resources, notably

spring wheat, the duration of vulnerability assumption makes no difference,
while for others (dry beans) it is critical. Which resources are most
affected by these assumptions depends on the date of attack assumed, and
the columns labeled G and V would change appreciably if an attack date

other than June 15 were used.

Curves generated by the cumulative rank order technique must always
have the general features shown in Figure l--monotonic increasing value,
monotonic decreasing slope--but the similarity of the shapes of all the
curves generated suggested that a relatively simple analytic function
might fit them. The function suggested is

Ay

f =a(1-e (2)

v
where fv is the fraction of the agricultural resource vulnerable, fa
is the associated fraction of the area of the United States, and & and
\ are constants depending on the resource type and the duration of
assumed vulnerability. The value assigned to o is the maximum fraction
of the crop vulnerable under the assumed conditions and depends only
on the assumed date of attack and the assumed duration of vulnerability,
whereas ) is a measure of the concentration of the resource and, as
will be discussed later, is related to the maximum efficiency that could

be obtained by an attack directed against that resource.

* In the attempt to fit the data with Eq. (2) the value of o was
fixed by the muximum observed vulnerable fraction, and } was then
computed by assigning equal weights to points spaced evenly in f and

v

minimizing the sum of squared percentage errors. The resulting fits
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ranged from very good to barely adequate. Barely adequate, in this case,
means that the error, expressed now as a percentage of the maximum value a,
never exceeded about 30 percent, which is acceptable when compared with
other sources of error. The equation tends to overestimate fv most in
the range fv = 0.6 to 0,8a, and underestimate fv most in the range

fv =0 to 0.2a. An example of a barely adequate fit is shown in

Figure 3. A very good fit cannot be distinguished graphically from

the original data, as is the case, for instance, for soybeans vulnerable
over the entire year (Figure 1). As one might expect, many of the poorer
fits occurred when there were few counties in the compilation, although
the copious livestock data also produced curves that were flatter than

the exponential fits.

In any case, the above procedure supplied an easily manipulable
analytic function characterizing the agricultural data base with only
two parameters per assumption, each of which is clearly interpretable.
A summary of these fitted parameters is presented in Table 3. Although
the analytic functions constitute exceedingly useful tools, one must
recognize that there is a corresponding loss of information as to where
the concentrations of resources are. In that the nationwide picture
is the important one for the NES context, and because the next input
will also be location-free, this sacrifice appears to be small compared

with the gains secured.

The next input is an estimate of what fraction of the total U,S.
area can be covered by a given radiation intensity as a function of the
size of the nuclear attack., Obviously, the design of an attack coupled
with the local and long range wind patterns over the United States on
the day of attack and the days following can make large differences in
the answer to this question, However, Carl Miller has compiled data®

on a variety of postulated attacks and has found that the randomness
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Table 3

PARAMETERS FOR THE AGRICULTURAL DATA BASE

*
Fraction Vulnerable

Potential Efficiency+

Agricultural Resource Code Y G \ Y G \
Chickens 11 1.000 n.a? n.a. 8,77 n.a, n.a.
Hogs and Pigs 12 1.000 n,a, n.a. 16.18 n.a. n.a.
Milk Cows 13 1.000 n.a. n.a. 10.17 n.a. n.a.
Bulls, Steers & Calves 14 1.000 n.a, n.a, 7.17 n.a, n. a,
Sheep and Lambs 15 1.000 n.a. n.a. 9.71 n.a, n.a.
Corn 21 1.000 1,000 .229 12,73 12.70 21.90
Sorghum 22 1.000 .979 .424 32.94 34.46 116.53
Winter Wheat 23 1.000 .956 . 844 17.23 18.53 21.69
Spring Wheat 24 1.000 1.000 . 000 39.71 40,03 40. 05
Winter OQats 25 1,000 .252 . 120 53.32 74. 29 113.96
Spring Oats 26 1.000 .970 . 927 15.52 15.52 17.71
Winter Barley 27 1.000 .810 .626 35.47 48.45 75.56
Spring Barley 28 1.000 .954 .954 37.92 40,90 39. 88
Rice 29 1.000 1.000 .000 313.11 225.69 225.48
Dry Beans 31 1.000 .327 .000 481.45 289.68 --
Soybeans 32 1.000 .997 . 056 29.79 29.80 504. 06
Alfalfa 42 1.000 1.000 .113 8.92 8.92 88.47
Potatoes 50 1.000 .951 .182 74.21 79.52 218.54
Green Peas 51 1,000 . 964 .708 64.47 67.38 104,93
Sugarbeets 56 1.000 1.000 . 949 83.81 83.81 91.95
Tomatoes 57 1,000 .790 . 508 171.83 241.68 194,22
Sweet Corn 61 1.000 .930 .331 68,49 74.69 157.69
Snap Beans 64 1.000 .672 .270 129,01 207.08 371.67
Cabbage 65 1.000 .292 .127  251.40 630.77 1,511.29
Dry Onions 72 1.000 .653 ,653 207.57 229,39 229.39
Carrots 73 1.000 .259 . 259 569, 03 300,76 300.76
Lettuce 76 1.000 .214 . 195 133.91 515.92 572.61

* ¢ in Equation 2.

+
+

\ in Equation 2.
not applicable,
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of wind variation tends to average out over the nation, and that the
attack designs tend to fall into the two categories of counterforce (CF)
and mixed counterforce-countervalue (M). From these data he has con-
structed Figure 4, which shows the variation of areal coverage with
total attack yield for standard intensities of 1, 10, 100, 1,000, and
10,000 r/hr at one hour, For low total yields, both CF and M attacks
tend to produce a roughly linear behavior because of the widely
separated aimpoints. M attacks have fewer ground bursts, and thus

fall below the CF values in this yield range. For higher yield attacks,
there are certain areas of the country with very few valuable military
targets upwind, and so the fallout patterns begin to overlap and the
fractional area covered increases less than linearly with yield for low
intensities but more than linearly for high intensities, approaching
asymptotically values somewhat less than unity. Population and industry
targets are likely to be spread more evenly throughout the nation, and

so the M curves continue to rise and approach unity for large attuacks.

How do these curves relate to the agricultural data base? Since
they show how much of the area of the country is covered by a given
intensity at a given level of attack, that fraction, fu, may be inserted
in Eq. (2) to determine what fraction of the annual crop production is
vulnerable to fallout on the date of attack and can also be covered by
the given intensity level. Recognize, however, that it is extremely
unlikely for fallout to be so efficient. First, a particular agricul-
tural resource would have to be specifically targeted. Second, the
fallout patterns would have to fall in just such a way as to cover the
counties with the highest production densities, and no others. Third,
the variation of fa with W, the total weight of the attack, must remain

as high as postulated, which is unlikely when attacking a concentrated

resource, Therefore, the maximum fraction of annual production that
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could bhe exposed to intensity I by an attack directed at that specific

resource is given by

_MauD] )

On the other hand, the attack may be aimed at another set of resources.
If this set is not highly correlated with agriculture (either positively
or negatively), the random variability of the wind structure will cause
the fallout to be distributed nearly randomly with respect to agricultural
resources., In this case, the probability that any point in the country
will be covered by intensity I is just fa(w,l). Because the total
vulnerable production is «, the fraction of annual production that could

be exposed to intensity I is given by

£ = o £ (W, I) (4)
v a

where the subscript n refers to the assumption that the attack is neutral

with respect to agriculture,

When an attack is directed at a specific resource, it becomes much
more efficient at damaging that resource than such a neutral attack, in
that much less yield is required to do the same amount of damage. For

a given weight of attack, the efficiency may be defined as

E = fv/fc (5)

n
where fv is the damage created by a given attack (however aimed ) and fv
is the probable damage created by a neutral attack of the same weight,
The neutral attack assumption thus produces unit efficiency, and an

attack that deliberately avoided the given resource would have an

efficiency less than one., For a specific weight of attack, the maximum
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efficiency against agriculture is obtained when fv = f?, as defined in
Eq. (3). Because a smaller attack can be directed against the highest
concentrations of agriculture only, this maximum efficiency in general
increases as the weight of attack decreases. In the limit of the

smallest attacks, where fa(w’ I) approaches zero,

m
f ~a X f (W, I (6)
v a
by expansion of the exponential in Eq. (3). The maximum possible

m, n
efficiency for small directed attacks is therefore fv/fV = A\, This,
then, is why the parameter ) was called the potential efficiency for

a given agricultural resource in Table 3.

All the curves of Figure 3 are not easily fit with analytic func-

tions of the same general form. Instead, a tabular array f (WJ, Ii) =
a

fk' was constructed, using values for W_ of 100, 200, 400, 700, 1,000,

2,800, 4,000, 7,000, 10,000, 20,000, 40?000, 70,000, and 100,000 MT,
and values for 1 of 10, 100, 1,000, and 10,000 r/hr. The curves for

I =1 r/hr were excluded because very few effects on agricultural
systems would be expected at this level even in the worst of worst
cases. The values of f: and ft were then calculated for every i, j and
for every resource category under all three duration of vulnerability
assumptions, For a given attack weight the variation in f: and f? with
intensity is typified by the curves in Figure 5. These curves show the
cunulative fraction that could be exposed to an intensity level of 1 or

*

greater. The fraction exposed between 1 and 1 + dI is

*  For example, if a vulnerability criterion were set such that all of
the resource were lost for intensities greater than I and none for
intensities less than I, then the fraction lost would be just the
value of the curve at 1.
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df = - 4 - (7

Curves like those shown in Figure 4 are also difficult to fit
analytically, and interpolation can be done only approximately. An

approximation that leads to a slight underestimate is

-B.

f (1) = A1 1 I. <1 < .

The index i1 ranges from 0 through 4 and I0 =0, I1 = 10, 12 = 100,

I3 = 1,000, and 14 = 10,000 r/hr; I5 is arbitrarily large. The parameters

are given by

=1 sf f 9
By = log)g [v A g Uy &
and
Bi
= 0
Ai fv (Ii) Ii . (10)
For the lowest intensities, f 1is assumed to take the limiting value o
v
at unit intensity, and for the highest intensities, fv is assumed to
fall off linearly with I, 84 = 1., Both assumptions lead to slight
overestimates in most cases., With these interpolation rules, Eq. (7)
becomes
-(Bi + 1)
df ~ A B, 1 dI . (11)

The background for including vulnerability criteria in the computa-
tion has now been laid. Each agricultural resource responds in a dif-
ferent way to radiation doses, but in general some rather regular

features of the dose-response relationship can be observed. Two end
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points can usually be identified--a lethal dose, D above which very

2
little of the resource survives, and a threshold dose, Dt’ below which
no notable loss of production is observed. Even though it is known
that zero yield occurs at doses considerably below those for death of
the plant, values for the latter must often be used for the former
when better information is lacking. This is the origin of the use of
"lethal dose" for the zero yield end point., Between the limits b, and
Dt the surviving fraction gradually decreases as the dose is raised.
Although data for determining the variation between the limits are

sparse, many of the observed relationships are not inconsistent with

an analytic function of the form

U
]

kin(D/D ), D <D < D, (12)

where

=
H

l/zn(Dz/Dt) (13)

and P is the fraction lost of that portion of the resource receiving

dose D,

The few data available at the time of Ref. 1 indicated, moreover,
that the lethal/threshold dose ratio, R = Dﬂ/Dt’ might well equal about
eight for a number of plant species of widely differing ”Z' Presumably
the factors contributing to wide variations in Dﬂ (such as interphase
chromosome volume,‘9 contributed to approximately equal variations in

* seem to be again con-

threshold doses. New data for soybeans and rice
sistent with a ratio of ubout eight, even though Constantin also shows

th t the gross radiosensitivity, as indicated, say, by Dp can vary

* Milton J, Constantin, UT-AEC Agricultural Research laboratory, private
communication,



markedly with age of irradiation for crops such as corn, wheat, barley
and soybeans. There is also a dose rate effect: greater effects are
noted if the dose is delivered in a shorter time. The ratio of lethal
to threshold dose for animals appears to be considerably smaller, and
in fact Ref. 1 essentially assumed it to be unity and used the dose
that kills half of the animals exposed to it within thirty days as DL'
The standard case assumptions for Dz and Dt are shown in Table 4, and

are taken from Ref. 1 except for the garden vegetables, which are

estimated from the same original sources. *

The next step in the logic is the relationship of dose levels to
standard intensity levels. Doses can be obtained from standard inten-

sities by the application of two multipliers:

D = MM I . (14)
By

The multiplier Mt’ also known as the dose rate multiplier, is a
function of the time of arrival of fallout and the times between which
the cumulated dose is received, and converts standard intensities into
gamma doses, Assuming doses to be calculated between time of arrival
and about two weeks afterward, Mt varies from about 1 to nearly 4,
depending on time of urrivul.10 An inspection of typical attack outputs

shows that Mt averages about two, and rarely exceeds 3.5,

The multiplier MFV’ which is called the total/gamma dose multiplier,
converts gumna doses to gamma-plus-beta total doses; it is principally
determined by plant type and age., 1In Ref, 1 it was shown to depend on
the height of a plant's sensitive tissues, the amount of tissue surround-

ing the most sensitive ones, the amount of fallout retained on foliage

* Several published and unpublished results of Arnold H. Sparrow and
assocliates of Brookhaven National Laboratory.
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Table 4

STANDARD CASE DOSE CRITERIA

Lethal Threshold Total/Gamma
Dose Dose Dose
Crop Code (rad) (rad) Multiplier

*
Chickens 11 900 900 2
Hogs & Pigs 12 510 510 2%
Milk Cows 13 540 540 2*
Bulls, Steers & Calves 14 540 540 2*
Sheep & Lambs 15 520 520
Corn 21 4,000 500 8
Sorghum 22 7,500 938 8
Winter Wheat 23 4,000 500 19
Spring Wheat 24 4,000 500 19
Winter OQOats 25 4,000 500 19
Spring Oats 26 4,000 500 19
Winter Barley 27 4,000 500 12
Spring Barley 28 4,000 500 12
Rice 29 20,000 2,500 8
Dry Beans 31 12,000 1,500 23
Soybeans 32 14,000 1,750 23
Alfalfa 42 9, 000 1,125 19
Potatoes 50 12,500 1,563 23
Green Peas 51 4,000 500 23
Sugarbeets 56 13, 500 1,688 12
Tomatoes 57 3,000 375 23
Sweet Corn 61 4,000 500 8
Snap Beans 64 5,000 625 23
Cabbage 68 12,000 1,500 12
Dry Onions 72 2,000 2560 17
Carrots 73 5,000 625 28
Lettuce 76 7,000 875 12

* This is a change from Ref, 1, which assumed a value of 1.
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as opposed to that reaching the ground surface, the attenuation caused

by ground roughness, and the time of arrival of the fallout. Other
factors that can influence the value of MBY are the self-shielding due to
crop densities, the age of the plant (particularly through its affect on
the other variables), and any difference between the RBE (relative
biological effectiveness) of beta and gamma radiation. Reference 2
showed that, given the values of height and diameter of tissue, MBV
could be specified within a factor of about 2 over rather wide ranges

of time of arrival, foliar retention, and surface roughness, as well as
for several slightly different models of the source distribution, In

the author's opinion, uncertainties in the remaining variables, such as
the possibility of higher surface roughness attenuation or self-shielding,

are in directions that would reduce M thereby producing a conservative

By

estimate of damage in the standard case.

Since MBV depends on so many variables, all dependent on the age of
the crop during the attack, and because a single crop is in several dif-
ferent growth stages in various parts of the country at the same time,
it is difficult to choose one representative number for each crop.
However, the set of MBV shown in Table 4 was chosen for the standard
case on the basis of intermediate values for the age of the crop and
corresponding values for other variables. The sensitivity analysis
assumed, then, that in the worst case MBV would go up by a factor of
two. For example, the total/gamma dose multiplier shown for wheat is
19, This might be appropriate for wheat 30 days old., When it is
doubled (M = 38) it is probably conservative even for very young

Ry

wheat,

For livestock, M has generally been assumed to be unity, because

Ry
the size of economically important animals prevents any very critical
tissues to be exposed to beta radiation from external sources. However,

recent work by Carl Bell on the feeding of cattle and sheep with feed
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contaminated with a beta-emitting fallout simulant (see for instance
Ref., 11) showed that gastrointestinal beta insult, when coupled with
external gamma radiation, could reduce the lethal dosage of the latter
by about half. Although some question still remains whether ingestion
of fallout would be so heavy in a real postattack situation, a conserva-
tive approach assigns a standard value of MBV'Of two™ for livestock

(see Table 4) and again doubles it for the worst case.

These relationships now allow us to express the damage equation

(Equation 12) as

= <1<
Pk k 4n (I/It), 1t 1 Iz (15)
where
1'c = Dt/(Mt Msy) (16)
and
= D
Iz z/(Mt MBY) . 17

1f dfv is the fraction of an agricultural resource vulnerable
between 1 and I + dI, then the incremental fraction killed is Pkdf )
X v

and the total fraction lost is

®©
k o k \Y

When Eqs. (11) and (15) are used, assuming for the moment that

I <«1 <1 <1 :
i t 2 i+l

* This is a departure from the standard of Ref. 1, where M = 1.

Bv
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I

£
-(B +1
f =f (I,) + kzn(I/I)A,B,I(i )dI (19)
k v 4 t i i
t
-t 1) +kA |1 2i/8 - 1Pt (1/k + 1/B) (20)
T v 4 il’'t /i ) i] )
Extra terms are added when the range It = Iz spans more than one range
of constant Ai and Bi’ from integrals between limits It and Ii’ Ii and
I Mo oo pp ¢ nd 1,
i1’ A )

These integrals are carried out over tlhie ranges assigned to each
parameter whose sensitivity is being tested. A summary of these param-
eters and their values is given in Table 5. Since the sensitivity to
changes in D is essentially equivalent to changes in M

) »

same magnitude, and since the effect of lethal dose reduction by a factor

or Mt of the

of two has already been tested in Ref, 2, the worst case value of I)2
is chosen as one fourth the standard. Notice that many* combinations
of parameters for ecach attack weight and each resource are possible,
although in some cases the results will be identical. For example,
the duration of assumed vulnerability makes no difference for spring

wheat, because the same number of counties are vulnerable under each

assumption.

* From Table 5, 2 X 3 X 2 X2 X 2 X 2 X 2 = 192 combinations. Since
there were 13 attack weights and 27 resources, over 65,000 "answers'
were possible.

40



Table 5

PARAMETERS OF THE SENSITIVITY ANALYSIS

Parameter

Symbol Units

Range

Type of attack

Weight of attack

Duration of vulnerability

Efficiency of attack

lethal dose

Dose rate multiplier

Total/gamma dose multiplier

lethal/threshold dose ratio

IAT

w

ISV

M
IE"V

R

11

MT

rad

hr

Counterforce, Mixed

100; 200; 400; 700; 1,000 -
2,000; 4,000; 7,000; 10,000;
20,000; 40,000; 70,000 ;

100, 000

Vulnerable period (standard),
Growing period, Year (worst
case)

Unity (standard), Maximum
(worst case,

Dﬁ (standard, Table 4\,
Df/d (worst case
worst

2,0 (standard , 3.33

casce

MBV (standard, Table 4),
2 Mgy (worst case)

S8(standard,, 16
worsti case)

Crops:

Livestock: 1 (standard),

2 (worst case)



II1 RESULTS

The footnote at the end of the preceding section indicated that
the tabular output of the sensitivity analysis consisted of the order of
65,000 numbers, In addition, numerous intermediate outputs were also
generated., The interpretation of such a quantity of information is
nearly impossible without a great deal of systematization, generaliza-
tion, simplification, and excerpting. As for the intermediate output
discussions in the previous section, no attempt will be made in this

section to present the entire range of results.

Sampling of the tabular results immediately suggests ways of
reducing the amount of data to comprehend., A first generalization
is that counterforce (CF) attacks most often produce slightly more
damage than mixed (M) attacks for the same delivered megatonnage and
identical values of the other parameters. The exceptions occurred in
the region of greater than about 10,000 MT, which are clearly due to
the crossover of the CF and M curves in Figure 4. Also as expected
from Figure 4, the variance between CF and M is rarely greater than a
factor of about 1.5, which generally narrows for increasingly worse
cases. Since CF damage is greater than M damage in the region of the
standard attacks (1,300 MT, 2,500 MT), emphasis will be placed on the

Cl' results,

Further generalizations can be obtained by plotting a few repre-
sentative curves of fk versus W for various combinations of all the
other parameters. It was observed that for a given resource, a given
attack type, a given efficiency of attack, and a given season of
vulnerability, the curves virtually never cross over one another, and

Preceding page blank
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occur in much the same ascending order with respect to combinations of

the remaining parameters. Obviously the situation wherein all parameters
have the standard case values causes the least damage, and that with all
worst case values the most damage. Table 6 shows the order of sensitivity
for the various combinations, which are coded numerically in order of
increasing sensitivity, The same pattern holds for directed attacks

as for neutral attacks, and in general the lowest curve for a directed
attack falls above almost all curves for a neutral attack, although
crossovers are possible between the two sets. The code is simply an
abbreviation for the combinations of assumptions, in order of increasing

effect.

Most of the pattern is due to the fact that lethal dose, total/gamma
dose ratio, and dose rate multiplier all have essentially the same
sensitivity if assumed to vary by the same factor. Since the worst
case factors were lowest for Mt and highest for DZ’ much of Table 6
follows immediately. A stronger result is that the ratio of lethal to
threshold dose is the least sensitive parameter, 7This finding relates
to the fact that the majority of the damage occurs in those areas affected
by doses greater than the lethal dose, with little extra damage coming

from the added area encompassed by lowering the threshold dose.

The next consideration is one of statistical probability. If the
worst case--or worse-—will occur only about 10 percent of the time
(intuitively) for any one parameter, then the probability of two or
more parameters simultaneously taking on their worst case values
becomes very small indeed. Most interest should be placed, therefore,
in the cases for which only one or two parameters take on their worst
values, With respect to Table 6, the sets of assumptions labeled by
codes 01, 02, 03, 04, and 08 deserve most consideration. Inspection

of the tabular output revealed that the data for assumptions 03 were



Table 6

RELATIVE SENSITIVITIES OF VARIOUS COMBINATIONS OF PARAMETERS

Lethal/

Lethal Threshold Total/Gamma Dose Rate

Dose Ratio Dose Ratio Multiplier Code
Standard Standard Standard Standard 01
Standard Worst Standard Standard 02
Standard Standard Standard Worst 03
Standard Standard Worst Standard 04
Standard Worst Standard Worst 05
Standard Worst Worst Standard 06
Standard Standard Worst Worst 07
Worst Standard Standard Standard 08
Standard Worst Worst Worst 09
Worst Worst Standard Standard 10
Worst Standard Standard Worst 11
Worst Standard Worst Standard 12
Worst Worst Standard Worst 13
Worst Worst Worst Standard 14
Worst Standard Worst Worst 15
Worst Worst Worst Worst 16

Less Sensitive

More Sensitive




always closely bracketed by those for 02 and 04, so that they yield
little additional information. The remaining four cases are of
interest both under the neutral and directed attack assumptions, and
the situation with all worst cases values, including maximum efficiency
(call it the maximum of maxima), should be considered as a highly un-

likely upper bound.

These nine sets of data can be examined as functions of the assumed
weight of attack and of the duration of assumed wvulnerability. Nine
curves of £ versus W were therefore plotted for each duration of wvul-
nerability assumption and for each agricultural resourc2, For a given
resource and attack weight, the values of fk always increase in this
order: vulnerable period (V), growing period (G), and year (Y); however,
there is no particularly evident pattern that can eliminate one of these
assumptions., Sometimes the V and G assumptions yield identical results,

sometimes G and Y, and occasionally all three.

A selection of typical lost-production curves are shown in Figures 6
through 12. They span the types of behavior found in the entire range
of output, and are chosen for their illustrative qualities rather than
for their significance as resources. In examining these sets of curves,
notice first that the groups of curves for neutral and directed attacks
aré quite distinct and characteristically different. All of the neutral
curves appear much the same, even though the scales for fk differ widely.
This feature arises from the fact that these curves depend directly on
the curves of Figure 4 through the maximum fraction vulnerable, «.
Differences among crops and among vulnerable seasons depend principally
on ¢&, with a much smaller effect operating through the differences in
the limits It and Iz between which the intensity integration is carried

out, The typical broad ''S" shape is due in part to the choice of axes

( the asymptotic approach to 0 for small attacks) and partly to the shape
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of the counterforce curves in Figure 4 (the asymptotic behavior for

heavy attacks). The curves would continue to rise toward an asymptote

of o in the case of mixed attacks,

The directed attack curves, on the other hand, show more differences,
although they all approach the ¢« asymptote for heavy yields. A broad
spread in the curves such as for chickens (Figure 6) corresponds to a
widely dispersed resource with a low potential efficiency, A (review
Table 3), especially if the lethal intensity criterion Iz, is high
(review Table 4). As IE decreases or )\ increases it becomes increasingly
easy to inflict maximum damage on the agricultural resource with smaller
attacks; for example, a very small attack could destroy entirely that
portion of the carrot crop that is vulnerable (Figure 12) if exactly

tailored to do so.

In the figures, the shaded area lies between the curves generated
from the assumptions coded 02 and 04 and represents the range of increase
M

in IP caused by varying D M_, or DE/Dt by a factor of two or less.

AN

According to the intuitive probabf;;ty assignments, the choices are
perhaps nine in ten that the fraction lost will not exceed the upper
bound of this region given the postulated values of the other parameters.
The long-dashed curve is assumption code 08 and is the result of setting
DE to one-fourth of its standard value, equivalent to varying both DE
and M_ or Mt by a factor of two, Thus in the sense that the first range
is a one-step sensitivity, this curve is a two-step sensitivity, and may
be rejected at about the 99 percent confidence level. The maximum of

maxima curve would occur only under the conditions of a most incredible

chain of misestimations.

Another generalization based on inspection of Figures 6 through 12,
and on others like them, is that rate of change of fl with respect to
K

the logarithm of W (the slope of the curves in the form plotted) is



greatest (for the neutral attacks) in the region of 1,000 MT to
10,000 MT, approximately. It is often also in this range that the
directed attack curves begin to approach total destruction of all

of the crop assumed vulnerable. 1In a very loose sense, this may be
considered the region in which a break point has been identified.

Care in interpreting this finding must be taken in view of the possi-
bility that bias has been introduced by the fact that this region has
been most extensively studied., It is also quite probable that popula-
tion losses from counterforce attacks would follow much the same sort
of curve, although differences in shelter assumptions and other param-

eters make it difficult to construct such a curve.

Once again on the question of sensitivity to the uncertainty in
parameter values, the figures also clearly show that the increment in
fk is not only a relatively constant fraction of ¢ over the entire range
of attack weights, but also is reasonably uniform from crop to crop,
for the neutral attack assumption. A summary of one-step sensitivity
values is given in Table 7. These were computed by subtracting the
fk values for the assumption set coded 01 from those for code 04, where
both of the fraction destroyed numbers corresponded to an attack weight
of about 1,300 MT, the weight of the counterforce attack (SRIA) in
Ref, 1, The spread in sensitivity values as so defined is from 0,048

(rice) to 0.081 (dry onions), and the average is only about six percent.

Another comparison of interest is how well the highly simplified
model and data base developed for sensitivity analysis compares with
the detailed model and data base used in Ref., 1. For this purpose,
the values for fk from the detailed analysis have been plotted at
1,300 MT for the counterforce attack (SRIA), and points at 2,600 MT
for the mixed attack (SRIB) have also been added as a further comparison.
See Figures 6 through 12 for examples., The interpolated values for f

(again for the assumption set coded 01, all standard case assumptions)
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Table 7

SENSITIVITY OF FRACTION LOST AT THE 90 PERCENT CONFIDENCE LEVEL

Sengitivity

Agricultural Resource Code A G v

Chickens 11 .073 n.a, n.a.
Hogs and Pigs 12 .059 n.a, n,a,
Milk Cows 13 .064 n.a, n.a,
Bulls, Steers & Calves 14 .063 n.a. n,a.
Sheep & Lambs 15 .061 n.a. n,a,
Corn 21 .057 057 .057
Sorghum 22 .057 .057 . 057
Winter Wheat 23 .058 .059 .058
Spring Wheat 24 . 058 ,058 .058
Winter Oats 25 .058 .060 .058
Spring Oats 26 .058 .058 .058
Winter Barley 27 .054 .054 . 054
Spring Barley 28 .054 .054 .054
Rice 29 .048 .048 .048
Dry Beans 31 . 0567 .058 ~--

Soybeans 32 .057 057 .054
Alfalfa 42 .057 .057 .053
Potatoes 50 .057 .057 . 0565
Green Peas 51 .063 . 064 .064
Sugarbeets 56 .057 ,057 . 057
Tomatoes 57 .074 .076 075
Sweet Corn 61 .0567 .057 .058
Snap Beans 64 .053 ,058 . 059
Cabbage 68 .056 ,058 .055
Dry Onions 72 .081 .081 .081
Carrots 73 .063 .062 .062
Lettuce 76 .055 .056 .056
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are presented in Table 8 for each of the duration-of-vulnerability
assumptions, The values shown in the column labeled STD are the standard
damage assessment results for attack SRIA* and should be compared with
the sensitivity analysis results shown in the column labeled V. The
column headed "Relative Difference' was computed by subtracting the
values in the STD column from those in the V column and dividing by

the latter. The preponderance of negative values indicates that the
simplified method has underestimated the fraction lost by an average of
about 35 percent, One major contribution to this difference is that
attack SRIA assumed 100 percent groundbursts, whereas the simplified
method assumes about 80 percent. The correction would be very nearly
directly proportional. A second important systematic error probably
comes from the underestimates built into the interpolation in the curves
of fv(I) (see the discussion of Figure 5 on page 34). Most of the
remaining scatter can probably be attributed to misestimation of the
typical standard case values to assign to the parameters. The value

of the total/gamma dose multiplier is particularly suspect because of
the multitude of variables that might affect it. For instance, the
overestimate for rice is undoubtedly due to the fact that no provision
was made in the simplified model for shielding of the beta radiation

by water in the rice fields. This oversight could be corrected by
dropping MBV to, say, 3. A final possibility is that, by coincidence,
the efficiency of attack SRIA with respect to certain resources was
substantially different from unity, i.e., that it was not neutral with

respect to agriculture, This might contribute to the large error noted

* Because the standard damage assessment did not consider the garden
vegetables, the values shown in parentheses are guesses based on
the fraction of the crop vulnerable at the time of the attack, and
are included principally for consistency.
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Table 8

COMPARISON OF SIMPLIFIED AND DETAILED MODEL RESULTS
(vValues in parentheses are for plotting purposes only)

Fraction Lost @ 1300 MT Relative
Agricultural Resource Code Y G v STD Difference
Chickens 11 . 115 n.a, n.a. .222 -.931
Hogs and Pigs 12 .173 n.a n,a. .235 -.361
Milk Cows 13 . 169 n.a, n.a, . 296 -, 753
Bulls, Steers & Calves 14 . 167 n.a. n.a, . 247 -.480
Sheep and Lambs 15 .172 n.a. n.a. .194 -, 127
Corn 21 .201 .201 .046 . 045 .023
Sorghum 22 . 149 . 146 . 063 .085 -.344
Winter Wheat 23 . 270 . 259 . 229 .291 -.273
Spring Wheat 24 .270 .270 ., 270 .342 -. 264
Winter Oats 25 .270 .068 ,033 .031 . 046
Spring Oats 26 .270 .262 .251 .276 -.101
Winter Barley 27 .235 .190 . 147 .200 -.360
Spring Barley 28 .235 .224 .224 .347 -. 547
Rice 29 .078 .078 .078 .053 .322
Dry Beans 31 . 197 . 064 .000 (.000) --
Soybeans 22 . 183 . 183 .010 .021 -1.060
Alfalfa 42 .205 .205 .023 .026 -.120
Potatoes 50 . 193 .184 .035 .071 -1.021
Green Peas 51 .281 .274 .202 (.300) --
Sugarbeets 56 . 135 . 135 .128 .173 -.351
Tomatoes 57 . 297 . 243 .157 (.300) --
Sweet Corn 61 .201 . 187 .066 . 106 -.595
Snap Beans 64 . 244 . 180 .072 (.150) -
Cabbage 68 . 143 . 042 .018 (.060) --
Dry Onions 72 .318 . 208 .208 (.300) -
Carrots 73 . 283 .073 .073 (.150) --
Lettuce 76 . 181 . 040 .037 (.100) --
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for chickens, for instance, for which no other ready explanation is

available.

This last observation emphasizes the importance that changes in
the efficiency of the attack can have., Table 9 exhibits maximum
efficiencies achievable with a counterforce attack of the size of
SRIA. The efficiencies were calculated by dividing the results for
assumption code 01 under the directed attack assumption by that for
the neutral attack assumption. They vary little--if at all--between
the duration of vulnerability assumptions, but considerably more from
crop to crop, ranging from a little over three to almost 13, a factor
of four., This variation is clearly related to the concentration of
the resource, but the range is not nearly as large as for the potential
efficiencies (Table 3), because the condition of a very small attuck
is just as clearly not satisfied. The relative uniformity of the values
is supported by two observations. First, in neutral attacks, the ruange
in fk (if normalized by the fraction vulnerable, &) is not too large at
1,300 MT. Second, for many of the resources, fk is approaching ¢ for

the directed attacks at this weight of attack.

Even though the efficiencies as defined are not numerically lurge
in this region of total yield, they are exceedingly important becuause
they change the loss picture from a relatively modest 25 percent or so
to near total losses, if the assumption of a fairly lengthy vulnerable
season is accepted. However, a number of arguments indicate that attacks
directed against agriculture are unlikely., First, the resources uare not
nearly so concentrated geographically as the rank orders might indicate,
because the highest production counties are often widely scattered
through the country. Secondly, efficient coverage of just those counties
with concentrations of resources is impossible because one cannot tailor

a fallout pattern to the shape of a county. Moreover, meteorological



Table 9

EFFICIENCIES ACHIEVABLE WITH 1,300 MT ATTACK

Efficiency @ 1300 MT

Agricultural Resource Code Y G \4
Chickens 11 4.92 n.a, n.a,.
Hogs and Pigs 12 5.13 n.a, n.a.
Milk Cows 13 4,60 n.a, n,a,.
Bulls, Steers & Calves 14 3.96 n.a, n.a.
Sheep and Lambs 15 4,48 n.a, n.a,
Corn 21 4,30 4.30 4.68
Sorghum 22 6.10 6.13 6.64
Winter Wheat 23 3.62 3.64 3.66
Spring Wheat 24 3.69 3.69 3.69
Winter Oats 25 3.70 3.70 3.70
Spring Oats 26 3.59 3.59 3.63
Winter Barley 27 4.21 4,23 4,25
Spring Barley 28 4,22 4.22 4,22
Rice 29 12,70 12.67 12.67
Dry Beans 31 5.09 5.09 --
Soybeans 32 5.14 5.14 5.46
Alfalfa 42 3.85 3.85 4.85
Potatoes 50 5.13 5.13 5.18
Green Peas 51 3.51 3.51 3.51
Sugarbeets 56 7.23 7.23 7.26
Tomatoes 57 3.25 3.25 3.25
Sweet Corn 61 4.92 4,93 4,97
Snap Beans 64 3.74 3.74 3.73
Cabbage 68 6.93 6.93 6.94
Dry Onions 72 3.14 3.14 3.14
Carrots 73 3.54 3.53 3.53
Lettuce 76 529 5.31 5.31



forecasting is not sufficiently trustworthy that even the direction a
pattern will take can be confidently predicted. Finally, if attacks
against particular sectors of the U.S. economy are contemplated, there
are many bhetter target resources in the manufacturing industries. 1In
terms of the present definition, efficiencies of the order of 100,000
could be achieved against, say, the petroleum refining capacity; the
resultant damage would probably do nearly as much harm to agriculture

as a direct attack, and in addition cripple other sectors.
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IV INTERPRETATION

Much of the technical interpretation of the results of the sensi-
tivity studies has already been given in the preceding section., In
this section an attempt will be made to extend the technical interpreta-
tioens and synthesize them, as well as to make the transition to policy

recommendations.

Certainly no monopoly on truth has been demonstrated with respect
to the range of attitudes on agricultural vulnerability. Clearly a
nuclear attack designed to damage agriculture could do so rather
efficiently. Almost as clear is the fact that uncertainties about the
appropriate growing season to assume can make substantial differences

in the fraction vulnerable, o.

On the other hand, sensitivities to other assumptions of the calcula-
tions are much less severe, leading to uncertainties in the fraction lost
of less than about thiirty percent of the standard case values (six per-
cent of the maximum fraction vulnerable), If the premise that counter-
agriculture attacks should not appear particularly attractive to a
potential enemy is accepted, the remaining uncertainties in damage

assessment should generate only moderate concern.

Some additional insights ure obtained by reviewing the importance
of various foodstuffs in the U.S, diet. Figure 13 shows approximate
contributions of energy from selected components of the diet. The
portion labeled animal calories shows the relative contributions of
energy in animal diets from the feed crops included in this study.

It does not include contributions from pasturage and certain hays for

the reasons stated in Section II, Analysis and Data Base, This procedure

Preceding page blank



ANIMAL CALORIgg

DAIRY
PRODUCTS

FATS AND OILS

SUGAR AND SWEETS

FLOUR AND CEREALS

FIGURE 13 ENERGY SUPPLY FOR THE U.S. DIET
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exaggerates the importance of feeds, because substantial energy is
obtained from pasture, especially by beef cattle and sheep. However,
corn is still clearly the most important single component of animal

feeds from an energy viewpoint, and may be about as important as all

pasturage combined when all five livestock categories are considered.

Although Figure 13 does not recognize the obvious changes in
relative importance when other dietary requirements are considered,
the energy contributions are probably the most important for national
entity survival over the few months before normal agricultural opera-
tions can be resumed.* Notice that the omission of fruits and the de-
emphasis on vegetables are justifiable on these grounds. Livestock
accounts for about 40 percent of all human calories, and corn contributes
over 60 percent to livestock calories (of the crops studied), so that
corn is indirectly responsible for about 25 percent of human calories.
Flour and cereals, principally from wheat, contribute another 20 percent.
Sweets contribute about 15 percent, and fats and oils other than animal

contribute about 10 percent.

No agreement has been reached on the extent to which the postattack
diet must reflect the balunce of the preattack diet., 1f the preattack
balance is assumed desirable, however, the survival of the first four
livestock categories (lamb does not contribute a significant share of
meat calories) and the survival of corn, wheat, soybeans, and sugarbeets
would be most important. Excerpts from previous tables are shown for
these eight commodities in Table 10, The growing period assumption (G)
is used for the duration of vulnerability. All entries except the

column labeled '"Lethal Intensity Contour' have appeared before. The

* (Considerable difference of opinion exists on the importance of protein
and other nutritional factors over the short run., Caloric sufficiency
surely does not guarantee postattack health for all, but caloric
deficiency insures ill health for many.
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lethal intensity is defined as DE/(MtMEV)' with standard case values
everywhere, Wheat™ is the most vulnerable under this criterion, and
sugarbeets the least. On the other hand, sugarbeets are most vulnerable
on the basis of concentration (efficiency). Even so, the observed
efficiencies for sugarbeets are not startlingly out of line, and the
fractions lost for all eight at 1,300 MT (growing season assumption)

are small and comparable. The sensitivities are also all small and
comparable. If the calorie percentages are used as weights, the predicted

loss of calories would be about 21 percent, which may be compared with

21 percent fatalities in the SRIA attack.2

The greatest sensitivity found in the analysis was the possibility
of directing an attack specifically against agriculture, With efficiencies
of the order of 4, a twenty percent loss could be turned into an eigh<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>